Chemokines and chemokine receptors are implicated in regulatory T cell (Treg) trafficking to sites of inflammation and suppression of excessive immune responses in inflammatory and autoimmune diseases; however, the specific requirements for Treg migration into the inflamed organs and the positioning of these cells within the tissue are incompletely understood. Here, we report that Tregs expressing the T H 1-associated chemokine receptor CXCR3 are enriched in the kidneys of patients with ANCA-associated crescentic GN and colocalize with CXCR3 + effector T cells. 
J Am Soc Nephrol 27: 1933 Nephrol 27: -1942 Nephrol 27: , 2016 . doi: 10.1681/ ASN.2015020203 Regulatory T cells (Tregs) play a unique role in restraining activation and effector functions of autoreactive CD4 + T cells, thereby maintaining peripheral tolerance and preventing autoimmunity. In contrast to the original concept that Tregs represent a homogenous cell population, it has recently been shown that Tregs are specialized cells that tailor their properties to a wide range of tissues and immune conditions. [1] [2] [3] Indeed, the ability of Tregs to control T H 1, T H 2, and T H 17 cell responses depends on the activation of specific T H cellassociated transcription factors, such as T-bet, IRF4, and STAT3, respectively. [4] [5] [6] [7] In autoimmune diseases, such as crescentic GN, the migration of Tregs into peripheral tissue might play a critical role in controlling excessive T cell responses. Although chemokines and their receptors have been identified as key regulators of T cell trafficking, their precise role in Treg localization to sites of inflammation is still incompletely understood. 8 Crescentic GN is the most aggressive form of GN and has the worst prognosis. It is mediated by inappropriate humoral and cellular immune responses toward self-antigens, which may result from defects in central and peripheral tolerance. 9, 10 Studies in patients with crescentic GN and experimental models of GN have shown the importance of CD4 + T cell-driven immune responses in this disease group. 9 Today, there is clear evidence that the recruitment of T H 1 11, 12 and T H 17 [13] [14] [15] cells into the inflamed kidney drives renal tissue damage, whereas Tregs suppress overwhelming immune responses. [16] [17] [18] In this study, we investigated the functional role of chemokine receptors expressed on Tregs in crescentic GN. We analyzed the chemokine receptor expression profile on renal Tregs in patients with ANCA-associated GN, the most common form of crescentic GN, and a murine model of GN. We show that the T H 1-associated chemokine receptor CXCR3 is highly expressed on renal Tregs in human and mice. Moreover, we show that CXCR3 + Tregs are enriched in the inflamed kidney compared with those present in peripheral blood. On the basis of these results, we generated mice that were specifically deficient in CXCR3 in Tregs and provide evidence for an important functional role of CXCR3 on Tregs for the control of T H 1 inflammation in a mouse model of GN.
RESULTS

CXCR3
+ Tregs Are Enriched in the Kidney of Patients with ANCAAssociated GN First, we established a flow cytometrybased technique to assess the chemokine receptor expression profile of Tregs in renal biopsies from patients with ANCAassociated GN (Supplemental Figure 1) . We focused on CCR4, CCR6, and CXCR3, because the expression of these receptors was previously linked to Treg function. Renal Tregs were defined as CD4 +
CD25
high CD127 low/2 FoxP3 + cells. 19 In our experiments, we detected substantial expression of CCR4, CCR6, and CXCR3 on Tregs isolated from the kidney ( Figure  1, A and B) . The frequency of CXCR3 + cells was markedly increased in Tregs isolated from renal tissue compared with Tregs from peripheral blood (kidney: 56.86 3.4% versus blood: 35.063.7%; P,0.01) (Figure 1, A and B ). There were no differences in the frequencies of CCR4 + and CCR6 + Tregs between kidney and peripheral blood, suggesting a specific recruitment of CXCR3 + Tregs to the kidney in ANCA GN. In line with this finding, immunohistochemical staining of CXCR3 and FoxP3 in human kidney biopsies of patients with ANCA GN revealed that about 60% of renal Tregs expressed CXCR3. Tregs were predominantly localized to the tubulointerstitial compartment ( Figure 1C ). The frequency of CXCR3 + Tregs in human tonsil sections, assessed by immunohistochemistry, was about 20%, which was in the range of peripheral blood Tregs (Figure 1, D 15 Flow cytometric and immunohistochemical analyses of the kidney at different time points after induction of nephritis revealed that the number of FoxP3 + Tregs was increased at day 10 and peaked at day 30 ( Figure 2 , A-C). Likewise, renal FoxP3 mRNA expression was most pronounced at day 30 ( Figure 2D) . As a consequence, we performed all functional Treg analyses at day 30, which is also a time point of a strong renal T H 1 response in this GN model. 12 Next, we examined the chemokine receptor profile of renal Tregs in the course of experimental GN by flow cytometry. Of the tested chemokine receptors, CXCR3 was predominantly expressed on Tregs at day 30 (approximately 52%) followed by CCR4 (approximately 26%), CCR5 (approximately 14%), CCR6 (approximately 14%), and CCR7 (approximately 8%) ( Figure 2E ). No significant expression of CCR3, CCR9, CXCR2, and CXCR5 could be detected on renal Tregs. Quantification of renal Tregs positive for the respective chemokine receptor (total numbers per kidney) showed that CXCR3-positive Tregs were the most abundant subset on days 10 and 30 ( Figure 2F ). Of particular note, CXCR3 was also the chemokine receptor that was most abundantly expressed on infiltrating CD4 + FoxP3 2 effector T cells in the inflamed kidney ( Figure 2G ). At day 30 of nephritis, CXCR3
+ Tregs and to a lesser degree, CCR4 + and CCR5 + (but not CCR6 + ) Tregs were significantly increased in the kidney compared with those in peripheral blood ( Figure 2H ). By comparison, the frequency of CCR7 + Tregs was higher in blood than in the inflamed kidney, which is consistent with a central memory phenotype of CCR7 + Tregs ( Figure 2H ). 2 
Generation of Treg-Specific CXCR3-Deficient Mice
On the basis of our human and experimental GN data, we sought to investigate the functional role of CXCR3 in Tregs. To that end, we generated Treg-specific CXCR3-deficient mice (Supplemental Figure 3) Figure 4) . eGFP-Cre 3 Cxcr3 wt/wt mice. In contrast, the number and frequency of renal Tregs between wild-type and Treg-specific CXCR3 knockout mice were unchanged under homeostatic conditions. In addition, no changes in the frequencies of CCR4 + and CCR6 + Tregs were observed under naïve and nephritic conditions in blood and kidney for both wild-type and knockout animals (Supplemental Figure 5 ). Of note, CXCR3 deficiency in Tregs did not affect the frequency, absolute number, or phenotype of Tregs in the spleens of nephritic mice (Figure 3 , F-H, Supplemental Figure  6, A and B) . Because of the lack of reliable anti-mouse CXCR3 antibodies for immunohistochemical staining, we were unable to localize CXCR3 + Tregs or CXCR3 + T H 1 cells in the inflamed kidney.
CXCR3 Drives Treg Trafficking in Experimental GN
CXCR3 Deficiency in Tregs Does Not Affect Their Activation Status or Their Suppressive Capacity
To investigate whether CXCR3-deficient Tregs were functionally different from wild-type Tregs (beyond their impaired trafficking properties), we first assessed the surface expression of selected Treg surface markers (CD44, CD103, PD-1, CD152, and CD25). The absolute number of renal Tregs expressing these markers per kidney was significantly reduced in nephritic Foxp3 eGFP-Cre 3 Cxcr3 fl/fl mice (Supplemental Figure 6C ), but we did not find any difference in their relative frequencies (Supplemental Figure 6D) wild-type responder T cells. The cytokine concentration in supernatants showed that both wild-type and CXCR3-deficient Tregs were able to suppress IFNg and IL-2 secretion by cocultivated responder T cells ( Figure 3I ). Likewise, experiments using nephritic IL-10 reporter mice 20 showed that IL-10 expression was comparable between renal CXCR3 + and CXCR3
2 Tregs ( Figure 3J ). The efficiency of polarization of naïve CD4 + wild-type and CXCR3
2/2 T cells into Tregs did not differ between the two groups in vitro (Supplemental Figure 7) . Taken together, these data indicate that CXCR3 deficiency in Tregs did not impair their suppressive capacity, polarization, or activation status on the cellular level. 
CXCR3 Deficiency in Tregs Does
Not Affect the Systemic Immune Response Next, we examined the systemic cellular immune response to the nephritogenic antigen by measuring the cytokine production of sheep IgG-stimulated splenocytes. In contrast to the increased T H 1 response in the kidney, we did not find a significant change in T cell-associated cytokine production by splenocytes from Foxp3 eGFP-Cre 3 Cxcr3 fl/ fl mice (Supplemental Figure 8) .
To assess potential alterations in the humoral immune response, we measured serum titers of mouse IgG, IgG1, IgG2a/2c, and IgG2b antibodies directed against sheep IgG (the nephritogenic antigen) (Supplemental Figure 9A) and Original magnification, 3200. Con, control. *P,0.05; **P,0.01.
analyzed glomerular mouse IgG deposition (Supplemental Figure 9B) . The experiments revealed no significant differences between nephritic wild-type and knockout mice.
Treg-Specific Deletion of CXCR3 Results in an Aggravated Course of Crescentic GN
We then addressed the question of whether the course of GN was influenced by ablation of CXCR3 in Tregs. As shown in Figure 5 , A and B, glomerular and tubulointerstitial damage was aggravated in nephritic Foxp3 eGFP-Cre 3 Cxcr3 fl/fl mice. In addition, BUN levels as a measure of renal function impairment were slightly but significantly higher in mice that were deficient in CXCR3 on Tregs ( Figure 5C ). Albuminuria was increased in nephritic mice but not significantly different between the two nephritic groups ( Figure 5D ). Figure 5E ). Moreover, there were no differences in BUN levels and urinary albumin-to-creatinine ratios between the two nephritic groups receiving antiIFNg treatment (Figure 5 , F and G). Taken together, this interventional approach indicates that the aggravation of renal tissue inflammation and injury in CXCR3-deficient Treg mice is a consequence of an uncontrolled T H 1 response.
Aggravation of the Nephritis in
Transferred CXCR3-Deficient Tregs Fail to Control GN in RAG1
2/2 Mice To further support the data generated using the FoxP3-specific deletion model, we transferred 5310 5 wild-type or CXCR3-deficient Tregs together with 1310 6 wildtype CD4 + CD25 2 effector T cells into nephritic RAG1
2 /2 mice. In line with the data presented above, cotransfer of CXCR3 2 /2 Tregs did not protect mice from renal tissue injury, whereas cotransfer of wild-type Tregs effectively suppressed glomerular crescent formation and tubulointerstitial damage ( Figure 6 ).
DISCUSSION
Recent landmark studies indicated that, to suppress an overwhelming immune response, Tregs can adopt a phenotype that is specific for a subset of CD4 + T cells by upregulating the respective transcription factors. It was shown that Tregs control T H 17 responses in an Stat3-dependent manner, 4 whereas the T H 1 master transcription factor T-bet controls Treg function during T H 1-mediated inflammation. 5 Koch et al. 5 showed that T-bet-deficient mice were depleted in CXCR3 + Tregs and that T-bet-deficient Tregs showed impaired localization to sites of inflammation. Furthermore, T-bet-deficient Tregs were not able to control or suppress the deleterious T H 1 immune response observed in scurfy mice. Consecutive studies imply that the activation of T-bet and the expression of CXCR3 in Tregs depend on IFNg and IL-27 signaling. 22, 23 However, it remains unclear whether T-bet activation allows Tregs to acquire specific trafficking properties (for example, by CXCR3 expression) or strengthen certain Treg suppression capacities targeted to the corresponding T H 1 response. 1 Our data show that CXCR3 is crucial for the migration of Tregs into sites of inflammation and thereby, helps to control an excessive T H 1 response in crescentic GN. Of note, CXCR3 deficiency in Tregs did not affect their suppressive capacity, polarization, or activation status.
First evidence for a protective role of Tregs in renal autoimmunity, which showed an inverse correlation between the number of circulating Tregs and disease activity in patients with antiglomerular basement membrane nephritis, was provided by Salama et al. 24 Studies in murine models of crescentic GN established the protective role of Tregs in kidney tissue injury [16] [17] [18] and suggested a critical role for Treg-derived IL-10 in the attenuation of disease severity, most likely by modulating both the T H 1 and T H 17 immune response. 20 The antiinflammatory effects of Tregs are partly dependent on the localization of CCR7 + Tregs to the renal lymph node 25 + T H 1 cells into the kidneys of these patients. To gain further insight into the functional role of chemokine receptors in Treg function, we used a model of crescentic GN (NTN). In a first step, we assessed the expression patterns of several chemokine receptors that have been linked to Treg function. 9 Among the receptors tested, CXCR3 was by far the most abundantly expressed one. CXCR3 is rapidly induced on naïve T cells after activation and preferentially remains highly expressed on CD4 + T H 1 cells, effector CD8 + T cells, and NKT cells. In addition, it has a critical role for the recruitment of these cells in inflammation. 30 A role of CXCR3 in Treg trafficking has recently been suggested in the EAE model and ConA-induced hepatitis. 31, 32 The recruitment of CXCR3 + T cells into the kidney was shown in human and experimental GN, 33, 34 and subsequent studies showed that CXCR3 mediates T effector cell recruitment and tissue injury in experimental models of crescentic GN. 35, 36 These studies show the potential beneficial effect of nonselective CXCR3 blockade in crescentic GN. Our results suggest, however, that specific targeting of CXCR3 on T H 1 cells or the blockade of T H 1-specific mediators would be even more effective than pan-CXCR3 neutralization in T H 1-driven inflammatory diseases.
In conclusion, our study provides strong evidence for a critical role of CXCR3 + Tregs in control of kidney T H 1 responses in autoimmunity, indicating that a T H 1 type of inflammation requires a counterbalance by a customized Treg subset that depends on their T H 1-specific trafficking properties to sites of inflammation. A better understanding of Treg Representative periodic acid-Schiff-stained kidney sections of RAG1 
Induction of Experimental GN and Functional Studies
NTN was induced by intraperitoneal injection of 2.5 mg nephrotoxic sheep serum per 1 g body wt into 8-to 10-week-old male mice as previously described. 7 For urine sample collection, mice were housed in metabolic cages for 5 hours. Urinary albumin excretion was determined by standard ELISA analysis (Mice-Albumin Kit; Bethyl), whereas urinary creatinine, BUN, and serum creatinine were measured using standard laboratory methods.
Real-Time RT-PCR Analyses
Total RNA of the renal cortex was prepared according to standard laboratory methods. Real-time PCR was performed for 40 cycles on a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA) as previously described. 26 All samples were run in duplicate and normalized to 18S rRNA.
Morphologic Analyses
Glomerular crescent formation and tubulointerstitial injury in stained murine kidney sections were assessed as described. 40 per kidney were counted in a blinded manner. All slides were evaluated by Axioskop Light Microscopy (Carl Zeiss, Jena, Germany) and photographed with an Axiocam HRc (Carl Zeiss) or by confocal microscopy with an LSM 510 Metamicroscope using the LSM software.
Flow Cytometry
Previously described methods for leukocyte isolation from murine kidneys, spleens, and lymph nodes were used. 26 
Analyses in Patients with ANCA GN
RNA was isolated from paraffin-embedded renal samples obtained from patients with ANCA-associated GN and controls (preimplantation kidney biopsies) using the RNA Micro Kit (Roche Diagnostics, Mannheim, Germany). 40 Single-cell suspensions were obtained from human biopsies by enzymatic digestion in RPMI1640 with collagenase D (0.4 mg/ml) and deoxyribonuclease type I (10 mg/ml; Roche Diagnostics) at 37°C followed by dissociation with gentle-MACS (Miltenyi Biotec). Samples were filtered through a 30-mm filter before antibody staining and flow cytometry. Analyses of human kidney biopsies were approved by the local ethics committees (PV3162).
Statistical Analyses
The results are shown as means6SEMs when presented as a bar graph and single data points with means when presented in a scatter dot plot. The results reported here are means6SEMs. Differences between two individual experimental groups were compared using a two-tailed t test. In case of three or more groups, one-way ANOVA with Bonferroni multiple comparisons test was used. P,0.05 was considered to be statistically significant.
